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AhaltMl 

An annular Jet flow of liquid aurroundlng a flow of gaa at ita core la extremely 
unatable. Axiaymmetrlc oaclllatlona arlae apontaneoualy, and grow with auch rapidity along 
the axial dlaenalon that a pinch-off of the liquid and an enoapaulation of the core gaa 
oooura within aa few aa four Jet dlametera. The ahella which reault thereby may be 
deaorlbed as thick-wall bubbleai for which van der Haala forcea are unimportant. A 
deacrlption ia given here of the fluid dynamic prooeaaea by which the ahella are formed, and 
of means for preserving and promoting the geometrical symmetry of the product. The forming 
of metallic sheila is mentioned. 


latrflditaUafl 

The investigation described here follows from considerations put forward by Masrs. T. G. 
Wang and D. D. Elleman of this Laboratory for the production of rigid, impermeable ahella 
for various applications. They had noted during zero-G flights of the NASA KC-13S aircraft 
that free-floating drops of water containing a gaseous bubble spontaneously assumcc a 
spherical and concentric fora, suggesting that if the liquid were to solidify in such state 
there might result a product of some utility. They proposed a means for the mass-production 
of liquid shells within the laboratory, based upon the periodic outtlng-off of lengths of a 
gas-core liquid Jet, with concurrent sealing of the free ends by any of several methods 
which seemed promising. This author's earliest attempt to generate a suitable Jet flow for 
evaluating the technique revealed immediately that the hollow Jet was sufficiently unstable 
that the formation of shells needed no inducement. 

Fig. 1 illustrates this. The upper figure there pertains to a 4.0-mm Jet or water which 
accelerated downward under action of gravity. The three component photographs were obtained 
at stations separated axially by 1.0 m each, so that the observation extendec over 2.0 m, or 
more than 500 diameters. The flow within the nozzle was intentionally rendered slightly 
periodic in order to stimulate the wave growth evident at the second and tnlrd stations on 
account of the well-known Rayleigh instability.' An important feature of the Rayleigh 
analysis, and of an experiment such aa this, is that disturbances extending over a wide 
range of wave numbers are unstable, and that the growth of even the most unstable of these 
is quite slow, requiring hundreds of diameters for pinch-off under the present conditions. 
No single wave number is favored to the exclusion of all others. By contrast, the lower 
figure shows the same nozzle, except that a coaxial flow of air had been provideo at tne 
center of the Jet. Again, there existed an axial growth of axlsymmetric waves, but these 
grew to such magnitude that pinch-off, accompanied by enoapaulation of the core gas, is to 
be observed at a station approximately four diameters from the nozzle. Most importantly, no 
perturbation was supplied in this case, yet the frequency stability of tne cyclic process 
was exceedingly uniform, resulting in a corresponding uniformity in mass of the individual 
shell specimens. It is the formation of these which is the subject or tne study to be 
described . 

The work has been motivated Jointly by aolentlfio interest in the fluid motion, and by 
the potential utility of a method for the mass-production of rigid shells of high quality. 
One application for these concerns fusion target technology. There, it is sought to produce 
metallic shells of high precision and strength, and preferably composed of a metal of high 
average atomic number. Hendricks^ has described some of the truly remarkable aocoaplisnments 
of a program for the manufacture of multi-layer target shells. 

iMgcgim gfid tRchaiauBa 

Experiments have been carried out employing a number of different nozzles and operating 
fluids. Pig. 2 shows, on the left, the general configuration of a typical nozzle, other 
designs having differed from this principally with regard to dimensions and to mechanical 
details of alignment. Typical flow settings for this nozzle are included. Other nozzles 
incorporated nozzle exit diameters of 0.3, 0.66, and 2.0 am. The principal features are the 
central tube through which the gas supply is introduced, the contour of the interior surface 
of the liquid-flow channel, and the passageway of liquid flow defined by the clearance 
between the gas tube and nozzle aperture. The performance was relatively insensitive to the 
gas-tube wall thickness and to the axial position of the gas-tube terminal end, but radial 
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•lignment was aoderatedly Important. On tba right Is shown ths saallast nossls tastad, a 
allllmatar scale being included. Water and glycerin served as the working liquids in 
performance tests, and liquid metals were also used as noted later. Test gasses included 
compressed air, helium, nitrogen and Freon-12. Liquid flow regulation was accomplished 
through adjustment of the free-surfaoe elevation, or by gas-pressurlsation of the reservoir. 
The required pressure was equal to the sum of the pressure drop through the nossle due to 
viscosity, plus the Bernoulli term. Gas flow control was accomplished by providing a fine 
capillary tube ahead of the gas supply tube in order to raise the supply pressure to a value 
easily measured and regulated. 

Gas flow rates were determined by measurement of the pressure imposed upon the capillary 
resistor, the flow through which in turn had been calibrated against a wet test meter. 
Liquid flow rates were measured by capturing the stream of shells in a graduated cylinder 
for a precise duration. The frequency of shell production was determined strobosoopioally 
or by measurement of the frequency of light-beam interruption. Shell diameters were measured 
optically under stroboscopic illumination using a traveraing-mount telescope. Heat transfer 
to freely-falling shells was determined by measuring the temperature difference between that 
of heated water within the reservoir and that of shells captured at various distances below 
the nozzle exit. 

Results 


Both the gas and the liquid issued from the nozzle in steady motion, but, because of 
instability, the flow became strongly periodic within a short distance from the nozzle 
exit. Fig. 3 shows four phases of the cyclic motion through which shells were formed. There, 
the velocity of the gas was three times that of the liquid. It is important to recognize 
that the volume flow rate of the gas therefore exceeded, by the sane factor, the rate at 
which new volume was generated within the hollow core by the downward flow of liquid. The 
first frame depicts the free-surfaoe configuration at the Instant at which the liquid had 
sealed the core. On account of the larger volume rate of the gas, the gas of necessity 
produced a radial displacement of the cylindrical surface of the liquid, as in the second 
frame. The bulbous feature became progressively larger and more spherical, and was at the 
same time convected downward on a neck of liquid emerging from the nozzle, as in the third 
and fourth frames. The neck then collapsed under action of surface tension, completing the 
formation of a gas-filled nodule. Successive nodules of encapsulated gas produced in this 
manner were temporarily interconnected by a filament of liquid which broke subsequently, 
setting free the individual shells. None of the fill gas escaped. 

A notable feature of this action is that the frequency stability of the process, 
estimated by stroboscopic observation, appeared to exceed one part in 10^. The motion was 
sufficiently definite that an attempt to alter the frequency by sinusoidal perturbation of 
the fill gas was unsuccessful. Moreover, even the details of the breakage or the filament 
were stationary; instantaneous oscillation waveforms induced upon the the shells by the 
energy release, evident in figures described below, remained constant in appearance when 
vlewec in stroboscopic light, and the ejection of satellite droplets, whenever present, was 
similarly constant. The motion was highly deterministic. 


No analysis adequate to explain the shell formation process is known to be available at 
present. D. Melhs of Technlon, Haifa, Israel (private communication] has performed a 
linearized, parallel-flow, analysis of a hollow Jet and shown that, as in Rayleigh 
instability, a range of wave lengths is unstable. This result is in contrast with the 
present observation that a single frequency of oscillation is dominant. Evidently, a 
numerical analysis such as that described by Fromm^ will be required. 

It may be appropriate here to consider the relative importance of various forces, and to 
present an analysis of a limiting case. The forces and stresses to te considered include 
the following: 


Dynamic pressure of the 
Dynamic pressure of the 
Viscous stress of the 
Capillary pressure. 
Hydrostatic pressure. 


gas. 


liquid. 

^Vi2/2 

liquid. 
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H«r«, fi d«not«8 denaltyi V danotaa v«loolty,yU danotas vlaaoaltyitf* danotas intarfaolal 
tanalon, Q la gravity, and r la tha Jat radlua. Subaorlpta g and 1 danota gaa and liquid. A 
nuabar of tbaaa atraaaaa ara ganarally or conditionally unlaportant, aa Mill ba ahown. On 
tha baala of tha formation cyola of Fig. 3, tha foroaa which aaaa to ba pradoalnant ara 
thoaa of capillary praaaura and of liquid dynaalo praaaura, and avan tha lattar aay ba 
ragardad aa of aaoondary aagnltuda baoauaa tha principal ooaponant of notion anounta to a 
uniform tranalatlon of tha liquid. Tha aotlona wlt.^ raapaot to thla average one give fora to 
tha oyola, but do not induce aubatantlal praasuraa. 

Tha noat Important foroaa ara evidently thoaa due to capillary praaaura. Aooordlngly, a 
atatlo analyala haa bean nada and found to provide a uaeful pradlotion of the ahall 
dlanatar and of tha formation frequanoy. Fig. A ahowa an Idealization of tna configuration 
praaant In the third frame of Fig. 3, oonalatlng of a cylindrical neck Joined to a apharioal 
bulb. Tha reaaon that the apharioal and cylindrical ragiona remain dlatinot la deaorlbad 
below. The praaaura required to aupport tha cylinder agalnat collapae Is given by 


2CT 



where p. and r^ are the preaaure within, and the average radius or the cylinder. The 
factor, 2, accounts for the presence of the Interior and exterior surfaces. The 
oorrasponding pressure for tha sphere is 



The higher factor here results from the compound curvature of the spherical surface. It is 
to be noted that r^ 1s Independent of tine, whereas r. Is an Increasing function of tine. As 
the sphere fills, the pressure therein falls, and when the radius attains a value twice tnat 
of the cylinder the pressure becones less than that required to prevent collapse of the 
cylinder. Therefore, according to this analyala, when the sphere attains a diameter twice 
that of the Jet, its growth will be ternlnated by a seallng-off of the core. The frequency 
of formation nay then be eatlnated in terms of the prevailing gas flow rate and the volume 
of each shell. It la to be noted that although the instability and shell formation process 
are surf ace- tenalon-drlven, this parameter does not appear In the expression for the 
expected diameter. 

Thla prediction of diameter was tested through measurement of the shell diameter and 
formation frequency as a function of flow rate. Fig. 5 presents this result in dinenslonal 
units. There, the measured diameter may be compared wltn the value expected from static 
analysis, shown as a horizontal line. Estimates of the interior and exterior radii of the 
surfaces were Incorporated In forming the latter value, rather than the average. The 
measured shell diameters exceed the predicted value by approximately 10 percent, and do not 
fully verify the expected constancy In diameter. Nevertheless, the static analysis appears 
to have some merit. Also shown Is the formation frequency, which possesses a one-third power 
dependence upon the flow rate. One Important consequence of the frequency variation Is that 
a measure of control may be gained over the wall thickness of the shells on account of the 
constancy of the liquid flow rate. Further control is to be had through adjustment of the 
dimension of the annular passageway of liquid flow. 

Dynamic forces were responlble for preserving the demarkatlon between the spherical and 
cyllndrloatlon regions of the flow, since thl:- could not have been maintained statically. It 
la believed that the abrupt change In surface curvature propagated In wave-llke manner 
upward against the downflow of the Jet, but with a velocity less than that of the liquid. An 
estimate of the wave speed has been made by considering the liquid to constitute a membrane, 
with transverse curvature being neglected. The wave speed, V , would be given by 
( 2O/y0i(5 } ^ wheretTls the thickness of the layer, as In Fig. 4. The ratio of liquid 
velocity, V^, to this velocity Is then 

Vw 20- 

a number found to exceed unity substantially In all successful tests, thereby Indicating 
that a 'supersonic* Jet velocity Is required for maintaining the spherical and cylindrical 
regions as distinct. For the case of small liquid velocities the bubble remained attached to 
the nozzle and grew to a diameter several times that of the orifioe before bursting. 
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£Mrill<£ fXAACXaAiUub. 

A nuab«r of •xptrlaants war* oarrlad out with tb* lataotlon of axplorlDf tn* raglaaa or 
oparatlon and of aaaaaslng tba raXatlv* laportano* of varloua foroaa and atraaaaa. On* auoh 
strasa waa th* dynaalo praaaur* of th* gaa. Th* axpaotad uniaportano* of tbla quantity waa 
varifled by th* finding that tha bubbl* foraatlon fraquanoy and gaoaatry war* Indapandant of 
gaa ooapoaltlon for aqual rataa of flow of th* gaaaaa, Fraon 12, nltrogan, and ballua, whloh 
apan a danalty rang* 30:1. Alao, tha affaot of th* vlaooalty of th* liquid, whloh aay b* 
obaraotarlaad In taraa of th* Raynolda nuabar, PiV^r/ waa axaalnad. It waa found for tn* 
oaa* of glyoarln aa th* taat liquid within tb* ' C.G^aa noxal* that th* foraatlon prooaaa waa 
ohangad llttla froa that for watar, whloh poaaaaaaa 500-fold laaa vlaooaioy. It la baliaxau 
that Raynolda nuabara in axoaaa of 10* ar* adaquat* to anaur* oparatlon alallar to that 
daaorlbad. 

It waa polntad out that aurfaoa tanalon did not appaar In tba axpraaalon for ahali 
dlaaatar. Thla waa taatad by oparating th* A.O-aa noiil* at oonatant flow of dlatlllad 
watar, to whloh waa addad in tranalant aannar a aurfaotant (Kodak Photo-Flo). Fig. 6 
ooaparaa tha foraatlon prooaaa bafora and aftar tha addition of aurfaotant. Stroboaoopy 
Indioatad that tha fraquanoy of foraatlon dlalnlahad In oonaaquanoa by approxlaataly ona 
paroant, and an inoraaaa In dlaaatar of ona-tbird that amount auat hava ooourrad, but waa 
not aaally dataotabla. Tha noat apparent dlffaranoa In tha two atraaaa of tba figure la a 
laaaar degree of aurfaoa-wava activity upon tb* ahella In th* praaano* of aurfaotant. Tb* 
wavaa war* Induoad by tba breakage of tha Intaroonnaotlng fllaaant, and tba energy ralaaaed 
thereby auat hava bean reduced by tba lowering of tha aurfaoa tanalon. The aurfaotant aay 
hava contributed to a damping of the action aa well aa to tba reduction In initial wav* 
aaplltud*. Aa a general obaarvatlon, tha addition of aurfaotant iaprovad tba apparent 
quality of ahella obaarvad at a atation ona or two aetera below tha noxxia exit. 

The affect of gaa flow rata upon abell dlaaatar and formation frequency waa daaorlbad 
above, and It waa Indioatad that the gaa voluaatrlo flow rate auat exceed that at whloh tna 
liquid flow ganarataa new voluaa within the core for auooeaaful operation. Fig. 6 abowa tha 
prograaaion in flow gaoaatry aa tha gaa flow rat* waa Inoraaaad for a oonatant liquid 
velocity. Tha three aettlnga are oharaotarlxad there In taraa of tha ratio of tha gaa-to- 
liquld valooltlaa. For a ratio alighly above unity, ahown In tha flrat fraaa, a relatively 
long tlae Interval waa required to aaouaulate aufflolent gaa to fora a ahell, and tha axial 
apaolng between ahalla waa large. It waa found In thla oaae that tha configuration of tha 
oyllndroal neok waa ataady in time, that tba action of aaal-off waa confined to a region 
aavaral d.laaatera below th* noxxia, and that the dlaaatar of the ahalla waa aoaawbat laaa 
than twice that of tba noxxia. For a ratio of valooltlaa near optimal, aa In tba center 
fraaa, tb* notion waa aa daaorlbad previoualy, with tha diaaetar balng twlo* that of tha 
noxxia. Tba third fraaa abowa that for a high flow rate tha ahella exhibited tha aaa* 2:1 
dlaaatar ratio, but war* produced at aufflolantly abort Intarvala aa to remain 
Intaroonnaotad for oonaldarable diatanoa, whereupon arratlo ooalaaoenoe waa obaarvad. The 
thlnnaaa of th* ahall wall aay be aaen. 

Aa a further teat of the rang* of operation, th* liquid rat* waa Inoraaaad four-fold with 
raapaot to that of th* fornar figure, and tha gaa rata waa advanoad to approxlaataly three 
tinea that of th* liquid, or near optimal. The raault la ahown In Fig. 6, wbaraln the two 
franaa at the right ware obtained at higher aagnif ioatlon than that on tb* left, and differ 
only with regard to th* phaaa of th* oyolio notion. Aa aean, th* watar aurfaoe bad aaauaad a 
vary Irregular fora, and thla la baliavad to hava bean due to an onaat of fluid turbulano* 
within th* gaa flow. Th* Reynold* nuabar of th* flow within tha aupply tuba anountad to 
5000, approxlaataly, a value for whloh a turbulent condition la to b* axpaotad. Apparently, 
tb* unataadlnaaa of tba turbulence Induoad capillary wavaa upon tn* fra* aurfaoa of the 
liquid. Evan though thla additional ooaplexlty waa praaent, the ahall-foraatlon oyola 
renamed alallar to that ahown bafora, with th* ahall dlaaatar having baan twlo* that of tba 
noxxia. 

Aa a taat of noxxia gaoaatry, th* A.O-an noxxia waa operated with air tubaa whoa* 
dlaaatara war* aa taall aa 1.2 aa. Th* apaolng Interval between nodulaa waa large, aa In tb* 
flrat fraaa of Fig. 7, beoaua* th* gaa flow waa reatrlotad. Tha Intaroonnaotlng fllaaant 
oontalnad much of the liquid, and tbla waa tranafarrad to tb* ahalla upon braakaga, 
rendering th* walla thick. 

Shall ay aa atrlaatlon. 

An inportant goal of th* work waa to produo* rigid ahall* poaaaaalng a high degree or 
aynaatry. Two aapaota of thla natter war* oonaldarad. Flrat, It waa naoaaaary to prevent tb* 
apaolaana froa baooalng dlatortad during tb* tla* Interval following formation and praoaolng 
aolldlfioation. In particular, tb* ahalla war* launohad by th* jat with a oartaln valoolty, 
and tandad to gain additional valoolty by gravitational aooalaratlon. Tb* air raalatano* waa 
found to produo* a atrong daoantarlng foro* upon tb* oapturad gaa, raaultlng In a looaliead 
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tbinning of th« wall, and tarainatlng In rupture. Thla type of distortion and failure were 
particularly severe for large shells, for whioh the diaensionless paraaeter obaraoterising 
gravitational effects, vas also large. 

Control over this problea was gained by oonstruoting a drop tower in the fora or a 
vertical wind tunnel oonfigured auoh that the airflow within it aooelerated downward with a 
1.0-Q value. With proper plaoeaent of a shell generator therein, the speoiaens experienced 
no relative air velocity, and no deoantering force. Fig. 9 shows a 7.0<>aa HjO shell 
photographed in free-fall in this tunnel at a location 2.0 a below the nossle. The exterior 
surfaoes of the shells ware found to be spherloal to within one percent. The white line 
appearing within the iaage olrouaferenoe in Fig. 9 was deteralnsd through use or a ray- 
traolng prograa to represent the location of the interior surface of the shell. The wall 
thickness was thereby Indicated to aaount to ten percent of the radius and to be unirora to 
within ten percent. In the absence of the downflow, the shells ruptured before reiiohlng this 
station of observation. As a aeans for deterainlng whether the reduction in relative airrlow 
would prevent the freexlng of aolten aetal speoiaens, aeasureaents were aade of the 
teaperature-loss of hot water sheila. The heat transfer rate was found to exhibit a falriy 
sharp alnlBUB when the airflow acceleration was adjusted to a 1.0-0 value, but to retain 
Bore than half the rate prevailing when the alsaatoh was substantial. Altnougb 
solidification of aetal speoiaens has not been atteapted here, difficulty on account of the 
aagnitude of the beat transfer is not expected for the case of moderate shell sixes. 

A second aspect of shell syaaetrlsation concerned the proaotlon of centering by aeans of 
shell vibration. Theoretical and experlaental studies on shell dynaalos are given by 
Saffren, Elleaan, and Rhla'. Included there are nuaerloal results for shell vibration 
frequencies for the case of Invisold liquids, together with experlaental results showing 
that such vibration has the beneficial effect of inducing a centering of the interior 
surface with respect to the exterior one. Also, Lee, Feng, Plleaan, and Wang and Toung’ show 
that the centering force attainable by aeans of forced oscillation is very strong. The 
present studies do not yet include results on centering by st^aulated oscillation, but an 
observation of possible Interest was aade for the case in which surfactant was added to 
water. As aentloned, the initial level of shell osolllatlon induced by breakage of the 
liquid filaaent was greatly dlalnlshed then, and vibration was not detectable by aye at 
stations a few oentlaeters below the nosxle. Nevertheless, the centering of the surfaues was 
Judged to equal that of the distilled water case. 


As indicated, aetal shells aay find application in inertlal-oonf ineaent fusion 
technology. Such shells aust be dlaenslonally precise, saooth, and strong. It has been shown 
here that the hollow-jet instability produces shells of great dlaenslonal uniforalty, tnat 
surface tension produced sphericity, and that forces not directly identified resulted in a 
concentricity of the surface. Work has been initiated on the use of liquid aetals to fora 
shells, and various aspects of this have been described by Kendall, Lee, and Wang”. The most 
successful results to date were obtained by Lee, who used a nozzle siallar to that shown in 
Fig. 2. The aetal eaployed was an alloy of gold, lead, and antimony which aay, with adequate 
cooling rate, be solidified in the aaorphous state. Certain properties of this aetai, 
including that of surface saoothness, have been described by Lee, Kendall, and Johnson‘S. 


Fig. 10 shows two shell speoiaens foraed of this aetal. The radiograph indicates tnat tne 
wall thickness uniforalty was good. The wall was sufficiently thin that the average density 
of this speolaen was less than that of water. The SEM photograph on the right shows a shell 
which was broken at the tlae of recovery, thereby aaklng visible the wall thickness and a 
portion of the interior surface. The cooling rate in this experlaent was insufriolent to 
attain the aaorphous state, and surface iaperfeotlons are clearly evident on that account. 
Most liquid aetal tests have involved tin or lead, rather than the alloy, and tneae have 
been found to aodel the flow of the alloy fairly wall. Tin shells with diaaeters between 
0.75 and 2.0 aa have been produced. A problea yet to be olrouavented concerns tne foraatlon 
during solidlfloatlon of an exterior surface protrusion at eaoh of the locations froa which 
a filaaent of liquid had bean attached. This defect is apparently due to aaterlal properties 
or to heat transfer, and la not of fluld-dynaalo origin. 




This work represents one phase of researoh oarrled out at the Jet Propulsion Laboratory, 
California Institute of Teohnology, under Contraot NAS 7-100 of the National Aeronautlos and 
Spaoe Adalnistratlon. B. W. Miles and M. E. Lucero perforaed aany of the observations 
reported here. 0. E. Tennant fabricated the nossle ooaponants. J. R. Gatewood provided 
extreaely valuable advice on aaterlala and techniques for the aetal shell experlaents. 
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Fig. 1. Flow of water froa a 4.0-aa nozzle; dropa are produced by Rayleigh 
Inatablllty. Pbotographa obtained with 1.0-a axial apaclng (upper). 
Same condition except for gaa flow at core; ahella are produced (lower). 




Fig. 2. Nozzle acheaatlc, with typical flow condltlona Indicated (left). 
Photograph of a aaall nozzle, dlaaaaeabled (right). 
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Pig. 10. Radiograph of an undaaagcd 1.^-u gold alloy shell (left); oEH photo- 
graph of slBllar shell eacept portion of surface Is alsslng (right). 
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